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Abstract Ocean warming is a major threat for coral reefs
causing widespread coral bleaching and mortality. Poten-
tial refugia are thus crucial for coral survival. Exposure to
large-amplitude internal waves (LAIW) mitigated heat
stress and ensured coral survival and recovery during and
after an extreme heat anomaly. The physiological status of
two common corals, Porites lutea and Pocillopora mean-
drina, was monitored in host and symbiont traits, in
response to LAIW-exposure throughout the unprecedented
2010 heat anomaly in the Andaman Sea. LAIW-exposed
corals of both species survived and recovered, while
LAIW-sheltered corals suffered partial and total mortality
in P. lutea and P. meandrina, respectively. LAIW are
ubiquitous in the tropics and potentially generate coral
refuge areas. As thermal stress to corals is expected to
increase in a warming ocean, the mechanisms linking coral
bleaching to ocean dynamics will be crucial to predict coral
survival on a warming planet.
Keywords Ocean warming  Coral bleaching  Coral
recovery  Large-amplitude internal waves  Cooling
Introduction
Global warming is the key cause of extensive coral
bleaching (Brown et al. 2000; Hoegh-Guldberg et al.
2007). For most corals living in obligate endosymbiosis
with unicellular dinoflagellate algae (genus Symbiodinium,
or zooxanthellae), thermal stress can lead to the disruption
of the photosymbiosis, temporary or permanent loss of
microalgae from coral tissues and bleaching (Glynn 1996).
As the main source of energy for reef-building corals is
photosynthesis by Symbiodinium (e.g., Muscatine 1990),
photoinhibition and symbiont loss (Lesser 2006) can have a
severe impact on the energy supply (Muscatine 1990;
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Grottoli et al. 2004), biomass (Fitt et al. 2009), and calci-
fication (Moya et al. 2006) of the coral. Coral mortality can
result if zooxanthellae numbers are not restored or if the
coral is unable to meet its energy demands from other
sources, i.e., stored energy reserves (Grottoli et al. 2004) or
heterotrophy (Grottoli et al. 2006; Connolly et al. 2012).
Coral recovery after disturbance depends on physiological
and genetic factors, environmental factors and time
(Grottoli et al. 2006). Incomplete recovery before the next
disturbance increases the risk of losing bleaching-suscep-
tible corals, depressing coral biodiversity (McClanahan
et al. 2007b). Reports of coral bleaching have increased in
the last three decades with progressively shorter recovery
phases after the 1998 global mass-bleaching event descri-
bed by Hoegh-Guldberg et al. (2007). Predictions based on
climate models and thermal tolerances and regional
bleaching thresholds of corals suggest regular widespread
bleaching and coral mortality will occur over the next
decades (van Hooidonk et al. 2013).
The predicted demise of coral reefs underscores the
importance of refugia (Glynn 1996; Riegl and Piller 2003)
where corals have a higher chance of survival under gen-
erally raised ocean temperatures (van Hooidonk et al. 2013
and literature therein). Upwelling regions have been
invoked as potential refugia where cool subsurface water
reaching the surface may alleviate heating and promote the
recovery of corals after heat stress (cf. Riegl and Piller
2003). However, wind-driven upwelling is often seasonal
and out of phase with heat anomalies which often coincide
with extended slack periods (e.g., Brown et al. 2000).
Internal waves can mix deep sub-pycnocline waters into
shallow reef areas at tidal and higher frequencies (Leichter
et al. 2005; Schmidt et al. 2012; Wall et al. 2012).
Although they are ubiquitous in stratified tropical regions
with strong tidal flows (Jackson 2007), their role in shaping
reef communities is largely unexplored. The Andaman Sea,
in the eastern Indian Ocean, harbours internal waves of
exceptional amplitude (80 m). These large-amplitude
internal waves (LAIW) originate along the Andaman
Nicobar Islands and northwest of Sumatra and travel in
packages as V-shaped depressions of the pycnocline across
the Andaman basin (Osborne and Burch 1980). Near the
Thai–Malaysian continental shelf they interact with the
bottom to transform into waves of elevation and break,
spilling pulses of deep water onto the shelf (Vlasenko and
Stashchuk 2007). The Similan Islands located in the swash
zone of breaking LAIW receive frequent (several events
per hour) and sudden (within minutes) drops in temperature
accompanied by concomitant increases in inorganic nutri-
ents (Schmidt et al. 2012) and plankton supply (Roder et al.
2010) on their western sides. The eastern sides are largely
protected from LAIW resulting in largely constant tem-
perature conditions and comparatively low nutrient and
plankton supplies (Table 1). LAIW vary seasonally as a
function of thermocline depth, with a peak in March at the
height of the calm northeast monsoon (January until May;
Schmidt et al. 2012). During the stormy southwest mon-
soon (June through October), LAIW are weaker. During
this period wind mixing, swell and sediment resuspension
are the main disturbances affecting corals (Wall et al. 2012;
Table 1). However, because both LAIW and the monsoon
act from the same westerly side, differentiation between
LAIW and monsoon effects requires a spatio-temporal
(rather than a purely spatial) approach.
The Andaman Sea experienced an exceptional thermal
anomaly in 2010. Monthly mean temperatures exceeded
the NOAA coral bleaching threshold for the area
(30.62 C) over a period of 3 months (April to June; Wall
et al. 2014). Severe bleaching and up to 80% mortality
marked the 2010 event as the strongest so far on record
(Brown and Phongsuwan 2012). In spite of the severity of
the 2010 event, some reefs were less affected, allegedly
due to stronger currents or the presence of cold water
(Phongsuwan and Chansang 2012) as suggested by earlier
observations of high temperature variability in Indian
Ocean (Sheppard 2009) and Andaman Sea coral reefs
(Roder et al. 2010, 2011; Schmidt et al. 2012; Wall et al.
2012). Wall et al. (2014), linking coral community data on
bleaching and mortality with heat stress and LAIW, sug-
gested that LAIW benefit corals under thermal stress: they
observed that LAIW-exposed coral communities across the
Thai Andaman shelf showed reduced bleaching and mor-
tality, while LAIW-sheltered communities suffered intense
bleaching and total mortality. Although the study high-
lighted the importance of species composition, notably the
proportion of bleaching-susceptible versus bleaching-re-
sistant species, a mechanistic understanding of the
bleaching and mortality response at the organism level is
still lacking.
This field study assesses the relative roles of LAIW and
the monsoon on coral bleaching, recovery and mortality.
We compared the bleaching response and survival of
LAIW-exposed and LAIW-sheltered representatives of a
bleaching-susceptible and bleaching-resistant coral species
before, during and after the 2010 Andaman Sea thermal
anomaly. We used the natural setting of the Similan Islands
to test to what extent cooling and advection due to LAIW
affected the physiology of the corals and their algal sym-
bionts and to identify possible differences between the heat
resistant and sensitive species. The massive coral Porites
lutea Milne Edwards and Haime, 1851 and the branched
Pocillopora meandrina Dana, 1846 were chosen as models,
as they are common along the W and E sides of the Sim-
ilans (Schmidt et al. 2012) and show different sensitivities
to heat stress (Hoegh-Guldberg and Salvat 1995; Fitt et al.
2009).
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Materials and methods
Coral sampling
Fragments of P. lutea were chiselled and branches of P.
meandrina were pinched off their mother colonies. Lead-
time was too short to initiate sampling before the height of
the 2010 heat anomaly. First samples for this study were
obtained on 23 May 2010, followed by repeat samplings 2
and 6 months after the heat anomaly (31 July 2010, 5
December 2010). An additional sampling was carried out
after 10 months (15 March 2011) with P. lutea only, as P.
meandrina numbers were dwindling, prohibiting further
sampling. Reference samples prior to the May 2010 ther-
mal anomaly were available from March 2008, corre-
sponding to a calm NE monsoon period with similar
temperature fluctuations and ranges to March 2010 despite
a consistent offset of 0.7 C lower values (Electronic
Supplementary Material, ESM Fig. S1; Mann–Whitney
rank sum tests). Although possible seasonal and inter-an-
nual differences in physiological acclimations cannot be
ruled out (Fitt et al. 2000; Roder et al. 2011), the reference
samples served as a reasonable estimate of the environ-
mental and biological conditions before the 2010 heat
event.
Coral fragments were collected in 15–18 m water depth
at a total of six Similan Islands sites using SCUBA
(Fig. 1). Sites were grouped according to exposure, yield-
ing three western (W) and eastern (E) sites. At each site, six
to ten coral colonies of each species were sampled on every
occasion taking one fragment per colony from the central
upper side of the colony. Coral colonies were chosen ran-
domly taking care that fragments reflected the natural
composition of the differential tissue conditions (pigmen-
tation) at each site and that all colonies were subjected to
the same light micro-environment and not shaded by other
colonies. Each colony was sampled only once during the
study.
Photo transects
Standardized photographs were taken (50 9 50 cm frame)
at all study sites in 16 m depth with a minimum of 29
frames per site during the heating event (May 2010) and 27
frames 6 months after the heating had ended (December
2010). The frames were placed randomly over a distance of
at least 25 m and a maximum of 50 m. Photographs were
taken from above perpendicular to the frame with a Canon
PowerShot G12 in an underwater housing. A uniform grid
of 15 9 15 points was superimposed on each photograph
and the coral point count method (CPCe; Kohler and Gill
2006) used to determine the percentage of total live and
dead coral cover, as well as the cover of the genera Porites
and Pocillopora and their tissue status. The status of coral
tissue was assessed ranging from ‘‘fully pigmented’’ (with
usual pigmentation), through ‘‘pale’’ (reduced pigmenta-
tion) and ‘‘bleached’’ (complete white tissue), ‘‘recently
dead’’ (corals that just started to be overgrown by algae,
but with the underlying white tissue still visible) to ‘‘dead’’
coral (carbonate structure that is still recognizable as a
former coral colony).
Temperature
Water temperature was recorded (TidbiT v2 loggers, Onset
computers; resolution 0.2 C) at 3-min intervals on the
Table 1 Descriptive presentation of environmental conditions prevailing on eastern and western sides of the Similan Islands during the north-
east (January until May) and south-west (June through October) monsoons
Environmental factor Side North-east
monsoon
South-west
monsoon
References
Temperature fluctuations West H I Schmidt et al. (2012), Wall et al. (2012)
East L L
Water movement West H H Roder et al. (2010), Wall et al. (2012)
East L L
Sedimentation rate West L H Wall et al. (2012)
East L L
Light levels West I – Schmidt et al. (2012), Jantzen et al. (2013)
East H –
Inorganic nutrients (PO4
3-, NOx, NH4
?) West H – Schmidt et al. (2012)
East L –
Plankton supply West H – Roder et al. (2010)
East L –
H high, I intermediate, L low. Dash indicates no measured data
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west and east of the central Similan Island (Fig. 1). Tem-
peratures recorded at this central Similan Island have pre-
viously been shown to be representative of all the Similan
Islands (Schmidt et al. 2012). The temperature loggers
were deployed in 15 m water depth from November 2007
to April 2008 and from November 2009 through March
2011 after intercalibration with a high precision digital
thermometer (Amarell ama-digit ad 3000 th). Because the
arithmetic mean is sensitive to extreme values, temperature
data are described with the most frequent (or mode) values
in the record calculated as daily running modes (Fig. 2). As
a measure of the intensity and extent of heat stress and
cooling intensity, temperature anomalies were calculated
as cumulative degree heating weeks (DHW; cf. Wall et al.
2014) as this is the most commonly used heat stress index
for bleaching events. The higher resolution in days of
heating and cooling (DD in C d; Schmidt et al. 2012) was
used for a more precise description of the actual tempera-
ture conditions especially due to the short-term cold water
intrusions. Temperature values above the NOAA bleaching
threshold of 30.62 C (Wall et al. 2014) were considered as
heating (DHW and degree days heating, DDH). Tempera-
ture values below the daily running mode before and after
the daily mode exceeded the bleaching threshold were
considered as cooling (degree days cooling: DDC). The
obtained temperature anomalies were multiplied by the
sampling interval (3 min, corresponding to 0.0021 d). The
cooling and heating intensity values were obtained by
summing all negative and positive temperature anomalies,
respectively, for each time period between the single
sampling occasions.
Sedimentation rates
Sedimentation rates were assessed to determine relative
changes between seasons and sides, particularly with
regard to the effect of the SW monsoon and its differential
impact on the east and west of the island. For this purpose,
three sediment traps were deployed on each side (W and E)
of the central Similan Island (Fig. 1). Detailed descriptions
of the traps are given in Wall et al. (2012). The traps were
deployed in November 2009 and exchanged during each
sampling occasion until the end of March 2011 (total
samplings: 5). Macro-invertebrates were removed from the
sediment samples and the samples dried at 80 C for 24 h
until the dry weight was constant. Sedimentation rates were
calculated in mg dry mass cm-2 d-1.
Fluorescence measurements
Photophysiological responses of Symbiodinium were
assessed by chlorophyll fluorescence analyses using a pulse
amplitude-modulated fluorometer (Diving-PAM). Immedi-
ately after collection, coral fragments were placed in a
seawater tank and dark-adapted for 30 min prior to each
measurement, which is enough time for all photoprotective
mechanisms in the corals to relax (Saxby et al. 2003). The
fibre optic probe of the PAM was placed at a fixed distance
of 1 cm to the coral surface. Activity of photosystem II
(PSII) and non-photochemical quenching (NPQ) kinetics of
P. lutea and P. meandrina were explored in two different
ways, each repeated 3–5 times per fragment on different
locations on the fragment surface. Firstly, maximum
potential quantum yield (MQY) [Fv/Fm = (Fm - F0)/Fm],
a proxy for the photosynthetic efficiency of PSII, was
recorded. Each fragment was pulsed with a weak
(\1 lmol m-2 s-1) red light to obtain F0 followed by a 1-s
pulse of saturating actinic light ([5000 lmol m-2 s-1) to
determine Fm. Fv/Fm was calculated in the conventional
manner as Fm - F0/Fm = Fv/Fm (Schreiber 2004). Sec-
ondly, each fragment was exposed to actinic light for 1 min
(600 lmol m-2 s-1), after which the fluorescence had
reached a steady state (Hoegh-Guldberg and Jones 1999).
Minimum and maximum fluorescence (F0 and Fm
0
of light-
Fig. 1 Sampling locations along west (triangles) and east (circles)
sides of Similan Island chain, Andaman Sea, Thailand. Symbols show
locations of coral sampling. Temperature loggers and sediment traps
were sited at central Similan Island. Figure modified after Jackson
(2004)
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adapted samples) were recorded and the effective quantum
yield (EQY) determined as ratio DF/Fm
0
where DF =
Fm
0
- F0. Non-photochemical quenching (NPQ) was then
calculated as NPQ = (Fm - Fm
0
)/Fm
0
(Schreiber 2004).
Coral tissue processing
Coral tissues were air brushed from the coral skeleton
using filtered seawater. The tissue slurry was shock-frozen
in liquid nitrogen and stored at -20 C until further pro-
cessing. The unfrozen tissue slurry was homogenized with
an Ultra Turrax and the solution filled to a known volume
of stock from which aliquots were taken for zooxanthellae
density counts, chlorophyll-a, and protein analyses. Zoox-
anthellae densities and mitotic index were determined
under the microscope (Zeiss, 2609 magnification) by six
replicate counts on a Fuchs-Rosenthal-haemocytometer.
Stock solution (3–10 mL) was collected under vacuum on
Whatman GF/F filters and frozen for chlorophyll-a analy-
sis. Chlorophyll was extracted with 90% acetone at 4 C
for 24 h (Strickland and Parsons 1972). Absorbance was
read at 750, 665 and 664 nm (Shimadzu, UV-1800 spec-
trophotometer) and concentrations calculated after Loren-
zen (1967). Stock solution (1 mL) was centrifuged to
separate symbionts from coral host tissue (Grottoli et al.
2004). Total protein content of the coral host tissue was
measured using the DC protein assay (Bio-Rad), a standard
curve established using bovine serum albumin, and absor-
bance read spectrophotometrically (Shimadzu, UV-1800
spectrophotometer) at 750 nm (Lowry et al. 1951).
Data analyses
The software Statistica v 9 and the freeware program R (R
Core Team 2014) were used for statistical analyses. Data did
not meet assumptions of normal distribution and homo-
geneity of variances with Kolmogorov–Smirnov and
Levene’s tests even after transformation. Hence, the effect of
sampling time and exposure (W or E) on coral and Symbio-
dinium traits, and sedimentation rates was analysed using a
nonparametric Kruskal–Wallis and median test followed by
pairwise rank comparisons (Mann–Whitney U test). The
effect of exposure (Wvs. E) on temperature conditions (daily
mean, mode, maxima and minima) was tested with a non-
parametric, two-tailed Mann–Whitney U test.
Non-metric multidimensional scaling (nMDS) ordina-
tion gives an overall visualization of the development in
coral and Symbiodinium traits for both coral species. The
Fig. 2 a Temperature record at sheltered east side of central Similan
Island and west side exposed to large-amplitude internal waves
(LAIW) and monsoon in 16 m depth from 24 November 2009 to 31
March 2011: raw data (grey) logged at 3-min intervals and daily
running temperature mode (black) with bleaching threshold (dashed
line) of 30.62 C. b Central tendency box plots (median as solid line
with 25th and 75th percentile and non-outlier range, mean as dashed
line) with extremes (dots) of daily mean, mode, maxima and minima
temperature values at west and east sites for five periods before and
after heat stress period (-4 to 0: 24 November 2009 to 5 April 2010;
0: 6 April to 26 May; 0 to 2: 27 May to 31 July, 2 to 6: 1 August to 6
December; 6 to 10: 7 December 2010 to 15 March 2011). Asterisks
indicate significant differences between west and east sites (nonpara-
metric Mann–Whitney rank sum test; *p\ 0.05; **p\ 0.01)
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traits were first standardized to have a mean of zero and
standard deviation of one (i.e., dimensionless) by first
subtracting the mean (centring) and then dividing by the
standard deviation (scaling). Sample similarity was cal-
culated using Euclidean distance. Vectors showing the
direction of highest correlation between each of the coral
and Symbiodinium traits and the nMDS coordinates were
calculated using the ‘‘envfit’’ function of the R package
‘‘vegan’’, version 2.2-0 (Oksanen et al. 2013).
The effects of environmental changes on the individual
coral and Symbiodinium traits were explored by calculating
the temporal changes (d) in traits between sampling dates.
The d values were calculated separately for each sampling
site and the March 2008 reference. The reference data were
used as a representative March sample and aligned with the
environmental conditions measured in 2010. Redundancy
analysis (RDA) was used to test the predictive power of
environmental variability on all changes in coral and
Symbiodinium traits within a single multivariate model.
Coral and Symbiodinium d traits were standardized through
scaling (divided by their SD) but not centred. Cumulative
environmental variables [positive temperature anomaly
(DDH) and sedimentation] were standardized by centring
and scaling prior to analysis. Significance of environmental
terms in the RDA was determined with an ANOVA-like
permutation test, PERMANOVA, which results in a
pseudo-F value. The multivariate analyses were conducted
with the R package ‘‘vegan’’, version 2.2-0 (Oksanen et al.
2013).
Results
Temperature
The strong heat event in spring 2010 resulted in consid-
erable increases of daily mean temperatures and maxima
above the bleaching threshold of the region (30.62 C)
independent of exposure and orientation of study reef sites
along the Similan Islands (Table 2; Fig. 2). Temperature
modes were similar at W and E locations. However, tem-
perature variability resulted in differences in arithmetic
means, which were lower at W sites. The bleaching
threshold was exceeded for 44 d at E sites, but only for 16
d at W sites (Fig. 2; Table 2) with corresponding twofold
differences in cumulative heat stress (DDH) between 6
April and 26 May. LAIW were evident especially at W
sites and prevailed until the end of the heat event providing
almost threefold more cooling (DDC) to W corals com-
pared to E corals. Although the magnitude of LAIW
decreased after May, average and minimum daily tem-
peratures remained lower during the subsequent months of
recovery (Fig. 2b). T
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Sedimentation
Sedimentation rates (ESM Fig. S2) showed strong sea-
sonality with almost identically low values at W and E sites
during the calm NE monsoon (2.67 ± 1.0 mg cm-2 d-1 at
W versus 1.76 ± 1.15 mg cm-2 d-1 at E sites: Kruskal–
Wallis ANOVA: v2 = 5.667, df = 24, p = 0.129). They
increased at W sites during the SW monsoon from May
until end of October (101.83 ± 34.2 mg cm-2 d-1 at W
versus 1.11 ± 0.24 mg cm-2 d-1 at E sites: Kruskal–
Wallis ANOVA: v2 = 28.491, df = 35, p\ 0.001).
Coral cover and tissue status
The fraction of live cover of Porites spp. relative to total
living coral cover was similar at E and W sites and did not
change between May (heat event) and December 2010
(6 months after heat anomaly had ended; Fig. 3a; Kruskal–
Wallis ANOVA: v2 = 5.05, df = 3, p = 0.17). Differences
in colony condition between E and W in May or December
2010 were not statistically significant (despite apparently
different means in May with 68.9% bleached and 21.8%
recently dead individuals at E versus 34.1 and 0.9% at W
sites, respectively; Fig. 3d, e), and 9.2% pale and 0.2%
healthy individuals at E versus 58.3 and 6.8% at W,
respectively, Fig. 3b, c). In December 2010 fractions of
pale and fully re-pigmented (healthy) colonies were similar
at E and W sites (Fig. 3b, c) with clearly more healthy
individuals than in May 2010 (Kruskal–Wallis ANOVA:
v2 = 9.39, df = 3, p = 0.02). In May 2010, [95% of
Pocillopora spp. were bleached. There were insignificant
W–E differences in per cent cover in May and a complete
loss of living individuals at E sites by December 2010
(Fig. 3a; Kruskal–Wallis ANOVA May versus December
2010: v2 = 8.97, df = 3, p = 0.03). At W sites, only 9.8%
of Pocillopora spp. had died, while 33.3% recovered to
pale and 56.9% to fully pigmented colonies (Fig. 3b–e).
Coral and Symbiodinium traits
Before the heat event (samples collected in March 2008),
both coral species exhibited similar physiological traits
such as host protein content, symbiont densities, chloro-
phyll-a concentrations, and photophysiological response
(MQY and EQY) at W and E sites. During and after the
heat event, however, the responses of the corals diverged
(Fig. 4; ESM Table S1): P. meandrina traits decreased
strongly at all sites during the heat event. No recovery was
visible except for chlorophyll-a concentration and zoox-
anthellae densities at W sites, which acquired pre-heat
values 2 and 6 months after the heat event had ended,
respectively. Porites lutea traits also declined at E sites
during the heat event followed by a detectable recovery
starting in most cases 6 months after the heat event had
ended and resulting in values similar to initial pre-heating
conditions after 10 months recovery. At W sites, P. lutea
reacted less intensely to the heat with no statistically
detectable decreases in zooxanthellae densities and mitotic
index. Chlorophyll-a concentrations, MQY, EQY and coral
protein content showed a decline with the heat anomaly
compared to the 2008 samples but not as strong as at E
sites. Except for the photophysiological parameters (MQY,
EQY), all others recovered comparatively quickly with
clearly increased values 2 months after the heat event.
After 6 months recovery, in December 2010, the photo-
physiological response (MQY, EQY) showed values sim-
ilar to those measured before the heat event in March 2008.
The parameters measured in the tissue samples collected in
December 2010 deviated from this trend: most Symbio-
dinium traits (densities, mitotic index and pigment
a
b
d
c
e
Fig. 3 Relative per cent live coral cover and tissue condition of the
genera Porites and Pocillopora during a heating event (May 2010)
and 6 months after heating had ended (December 2010) in western
(exposed) and eastern (sheltered) Similan Islands. Coral genus
(Porites and Pocillopora) cover as a fraction of total live coral cover
(a), and coral tissue condition displayed as the amount of ‘‘healthy’’
(fully pigmented) (b), ‘‘pale’’ (c), ‘‘bleached’’ (d) or ‘‘dead’’ (died
recently) (e) tissue as a fraction of the total tissue of each genus
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concentrations) of W samples showed a stagnation or slight
decline in their recovery resulting in lower values than at E
sites. However, after 10 months all coral and Symbio-
dinium traits at W sites had recovered to pre-heat values.
The 2-D nMDS plots (Fig. 5) provide accurate represen-
tations of the differences between coral and Symbiodinium
traits sampled over time, as indicated by low associated
stress values (B0.05) (Clarke and Warwick 2001). All trait
vectors were highly correlated with nMDS coordinates (all
p\ 0.001) and show that lower trait values, as measured
following the heat event, were strongly associated with
positive nMDS first axis values, while recovery trajectories
returned towards negative values on the left side of the
plot.
Relation between coral and Symbiodinium traits
and environmental parameters
There was an overall effect of heat (DDH) in the reduction
of all coral and Symbiodinium traits. The RDA shows most
of the variance related to the first axis (RDA1, Fig. 6;
Table 3), which explains 63 and 65% of the variance in the
coral and Symbiodinium traits of P. lutea and P. meandrina,
respectively. The vector showing the DDH scores is mainly
oriented towards the direction of negative RDA1 values,
which is also the direction of negative d coral and Symbio-
dinium traits (grey text in Fig. 6). The PERMANOVA test
indicated that DDH was a significant predictor for d coral
and Symbiodinium traits (p\ 0.001 for both coral species).
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** 
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a b
Fig. 4 Coral symbiont and host traits of a Porites lutea and
b Pocillopora meandrina at west (dark) and east (white) sides of
Similan Islands over time. Central tendency box plots (median as
solid line with 25th and 75th percentile and non-outlier range, mean
as dashed line) with extremes (dots) of symbiont status (density and
chlorophyll-a content) and photosynthetic efficiency given as max-
imum quantum yield (MQY: Fv/Fm) and effective quantum yield
(EQY: DF/Fm
0
), and of coral protein content at consecutive sampling
occasions before (-24 months) and during heating (0 months) as well
as 2, 6 and 10 months after heating had ended. Asterisks indicate
results of nonparametric Kruskal–Wallis ANOVA and median test
followed by multiple comparisons of mean ranks with side (west and
east) and sampling date as treatment factors; asterisks below lines:
west versus east comparison at each point in time, above lines:
comparison with reference conditions 24 months before heating had
started (W comparisons left asterisks, E comparisons right asterisks).
Significance levels: *p\ 0.05; **p\ 0.01; ***p\ 0.001. See ESM
Table S1 for detailed results
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Sedimentation was only significant as a predictor for d coral
and Symbiodinium traits of P. meandrina, although to a
much lower degree than DDH (p = 0.049). For both
species, sedimentation was associated with the second RDA
axis. In case of P. meandrina, this axis was associated with a
separation between W and E sites (Table 3; Fig. 6).
Fig. 5 Non-metric
multidimensional scaling
(nMDS) of a, b Porites lutea
and c, d Pocillopora meandrina
coral and Symbiodinium traits.
a, c nMDS scores of traits by
sample (red = West,
blue = East) and directions of
highest correlation between
specific traits and samples (grey
vectors). Numbers indicate
number of months since heating
event, ‘‘R’’ refers to reference
sample taken prior to heating
event (March 2008). Grey text
indicates specific coral and
Symbiodinium traits
(C chlorophyll-a, E effective
quantum yield, M mitotic index,
P protein, Y maximum quantum
yield, Z zooxanthellae). b,
d Dominant temporal trajectory
of traits patterns by island side
(red = West, blue = East)
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Fig. 6 Redundancy analysis (RDA) scores for temporal changes (d)
in coral and Symbiodinium traits at west (blue) and east (red) sites as
predicted by indices of cumulative environmental variability (degree
days heating, DDH, and sedimentation) for a Porites lutea and
b Pocillopora meandrina. All indices have been centred and scaled to
account for differing units. Sample scores (circles) are plotted along
with the eigenvalue-scaled coral traits (grey text: C chlorophyll-a,
E effective quantum yield, M mitotic index, P protein, Y maximum
quantum yield, Z = zooxanthellae)
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Discussion
The differential response of corals at W and E sites to
elevated temperatures with and without LAIW, respec-
tively, shows that LAIW exposure mitigated bleaching in
the two coral species P. lutea and P. meandrina during the
extreme heat event in the Andaman Sea 2010. Our study
supports earlier suggestions that internal waves may alle-
viate the deleterious effects of prolonged periods of
anomalously high sea surface temperatures (Sheppard
2009; Phongsuwan and Chansang 2012; Storlazzi et al.
2013). It gives an explanation at an eco-physiological and
organismic level for the spatial differences in coral com-
munity bleaching responses to LAIW (Wall et al. 2014).
The temperature time series reveal that, during the
period of extraordinary warm surface water temperatures in
the Similan Islands, LAIW caused intermittent cooling in
reef areas at a depth of 15 m (Table 2; Fig. 2). During the
heat period, daily temperature minimum values in the west
were consistently 2 C below the values in the east. The
absence of LAIW at E sites resulted in strong differences in
heating and cooling between the island sides and, subse-
quently, affected the capacity to alleviate heat stress. In
fact, the temperature time series shows more than 50%
greater heat stress at E. This is consistent with the signif-
icantly lower bleaching of both coral species at W sites
compared to E sites (Figs. 3, 4, 5; Wall et al. 2014). The
heat event coincided with a strong LAIW effect, resulting
in a substantial mitigation of heat intensity (cf. DHW and
DDH, W vs. E; Table 2). In contrast to wind-driven
upwelling (Riegl and Piller 2003), LAIW caused short-
term but intermittent periods of cooling rather than
extended periods of cooling and hence, relief from heat (cf.
similar mode temperatures but different arithmetic means
between W and E; Table 2). The difference in heat stress is
reflected in higher proportions of fully pigmented and pale
colonies at the LAIW-exposed W sites and much higher
proportions of bleached and recently dead corals at the
sheltered E sites (Figs. 3, 4).
Another positive effect of LAIW temperature variability
might be that W corals may exhibit acclimation or adap-
tation for tolerance to disturbance, which are potentially
beneficial during heat stress conditions (Oliver and
Palumbi 2011; Ash 2014). Coral temperature thresholds
can be strongly influenced by phenotypically altered tissue
parameters (Bellantuono et al. 2012) and/or thermal history
(Middlebrook et al. 2008). Hence, corals exposed to tem-
perature variations have been shown to have a higher
temperature resistance (Barshis et al. 2013). Most studies,
however, concentrate on the influence of increased tem-
peratures (e.g., Brown et al. 2000; Oliver and Palumbi
2011; Barshis et al. 2013). Yet studies on corals influenced
by cold water fluctuations have indicated that these corals
exhibit enhanced heat resistance due to supposed accli-
mations to recurring stress (Putnam et al. 2010; Mayfield
et al. 2013). This study concords with this hypothesis, since
LAIW-exposed corals used to large short-term variations in
temperature were less affected by variations from long-
term average temperatures than sheltered corals (see also
McClanahan et al. 2007a; Oliver and Palumbi 2011).
LAIW exposure not only implies a cooling effect but
also enhanced water motion and current velocities (Roder
et al. 2010). The arrival of LAIW in the reef areas induces
a temporary exchange of water masses surrounding the
corals until the return flow of the deep water masses clears
and allows for warm surface waters to return. This periodic
exchange may be important in removing deleterious sub-
stances such as oxygen radicals from the direct vicinity of
the corals (Nakamura and van Woesik 2001), decreasing
oxidative stress, increasing photosynthetic efficiency
(Finelli et al. 2006) and, thus, further mitigating the effects
of heat and increasing the survival of corals (Nakamura and
van Woesik 2001). Originating in deep waters, LAIW
supply inorganic nutrients (Schmidt et al. 2012) and
plankton (Roder et al. 2010) to the corals providing them
with better physiological constitution, higher energetic
status and finally better survival rates under temperature
stress (Ezzat et al. 2015).
Although the monsoon and LAIW both impact from the
same westerly direction, they are temporally decoupled.
Surface wave action, sediment resuspension and accumu-
lation play a major role during the stormy SW monsoon but
only on the western side of the Similans (Wall et al. 2012;
Table 1). Despite the use of artificial sediment traps at only
one E and one W location, the sedimentation values are
roughly comparable and representative for the whole
Table 3 PERMANOVA test
results of redundancy analysis
of cumulative environmental
indices (sedimentation, degree
days heating: DDH) as predictor
variables on coral condition
changes (d) as response
variables for Porites lutea and
Pocillopora meandrina
Term df Variation (%) pseudo-F p
Porites lutea DDH 1 3.54 (63%) 37.37 \0.001
Sedimentation 1 0.13 (2%) 1.38 0.25
Residual 21 1.99 (35%)
Pocillopora meandrina DDH 1 2.28 (55%) 22.97 \0.001
Sedimentation 1 0.38 (9%) 3.79 0.049
Residual 15 1.49 (36%)
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archipelago (Schmidt et al. 2012). Although different cur-
rents between sides and seasons may have introduced some
unknown bias, sedimentation rates diverged strongly
between E and W sites at the height of the wet season
(July; ESM Fig. S2). Nevertheless, changes in the physi-
ological constitution of the corals were comparatively
small (Fig. 4; Table 3). The effect of the SW monsoon, and
subsequent increases in sedimentation, is indicated in the
mitotic index and the photosynthetic efficiency of both
coral species (Fig. 4) and in the generally retarded recovery
of P. lutea after the heat anomaly (Fig. 5, month 6).
However, a reduction or delay in the recovery of coral
protein reserves was not observed (Fig. 4). This might have
been expected because the removal of sediment is ener-
getically costly and results in lack of regeneration and
repair (Riegl and Branch 1995). It is more likely that
reduced light levels at W sites, which have been shown to
occur during the calm NE monsoon as well (Schmidt et al.
2012), may have contributed to reduced physiological
stress both during and after the heat period. In contrast the
comparatively higher light intensities at E sites (Schmidt
et al. 2012) may have resulted in an additional stress for the
corals and their symbionts (Lesser 2006).
The lack of samples immediately before the May 2010
thermal anomaly was compensated by using available
samples from March 2008. The fact that both coral species
at W sites largely recovered back to similar traits as in the
reference samples (Figs. 4, 5), suggests that this is a
stable level at these sites during the early year.
Differences in bleaching response and subsequent
recovery between the two coral species studied can be
largely attributed to their species-specific susceptibility or
tolerance. In the Similan Islands, Porites has been shown to
associate with the same zooxanthellae type (C15) inde-
pendent of exposure (LaJeunesse et al. 2010; Buerger et al.
2015) which indicates no contribution of Symbiodinium to
differences in thermal tolerance of Porites. Pocillopora,
however, was found to associate with several zooxanthellae
types within clades C and D (LaJeunesse et al. 2010). This
variability in the coral–symbiont association could imply
possible adaptations to differences in environmental con-
ditions or thermal stress. The lack of information on the
specific genotypes associated with the corals sampled for
the present study allows only for speculations on their
possible contributions to the differential bleaching
responses of Pocillopora at E and W sites. Nevertheless,
laboratory studies on P. lutea from the Similans indicated a
high level of phenotypic plasticity and memory regarding
environmental conditions at their origin (Buerger et al.
2015). This phenotypic plasticity may be influenced by
Symbiodinium even though the symbionts are genetically
identical in P. lutea. The thermal threshold of the holobiont
is nevertheless strongly influenced by the coral host (Baird
et al. 2008). Bleaching susceptibility has been related to
colony morphology with massive species often less sus-
ceptible than branching forms (Loya et al. 2001, McCowan
et al. 2012). Porites lutea, in contrast to P. meandrina, is
known as especially robust and tolerant to environmental
stress, especially warming (McClanahan et al. 2007b) and
acidification (Fabricius et al. 2011). Similarly, our findings
show massive P. lutea responding less intensely to heat
stress and recovering faster and more efficiently than
branching P. meandrina (Figs. 4, 5). In contrast to P. lutea,
P. meandrina prefers habitats with high water movement
(Jokiel 1978). This may explain its generally higher
abundance at W sites compared to E sites and may have
contributed to the reduced heat effect in the W both by
better initial conditions and eased conditions during and
after the heat event. Differences in susceptibility have also
been attributed to energy reserves and the capacity of
corals to store proteins and lipids. Bleached corals deprived
of endosymbionts and the associated photosynthetic energy
supply have a higher chance of recovery when more energy
reserves are available (Grottoli et al. 2004) or when they
are able to compensate by energy uptake through hetero-
trophic feeding (Grottoli et al. 2006). Tissue layer thick-
ness is an indicator of biomass and stored energy, and
branching corals generally exhibit a thinner tissue layer
than massive corals (Loya et al. 2001). We found branch-
ing P. meandrina contained approximately half the amount
of protein per surface area than P. lutea during pre-heat and
post-recovery phases (Fig. 4), which corresponds to their
reduced capacity to deal with heat stress. Both coral spe-
cies may have benefited from enhanced nutrient input by
LAIW into W reef areas (Schmidt et al. 2012), which has
been shown to foster protein reserves (Roder et al. 2011).
This adds to the effect of environmental drivers and the
possibility that heat shock proteins could have been pro-
duced at W sites due to LAIW-induced thermal fluctuations
(Lesser 2006). Heat shock proteins are known to increase
thermal resistance in corals (Fitt et al. 2009).
Both corals showed a decline in all Symbiodinium traits
and coral protein content in response to heat (Figs. 4, 5), but
the decline was less in P. lutea. Even during the height of the
heat period P. lutea held symbionts, pigmentation and pro-
tein reserves and was able to recover after the stress period.
At W sites, exposure to LAIW led to 50% fewer bleached P.
lutea, ensured a faster and more efficient recovery (Figs. 3,
4) and reduced mortality (Wall et al. 2014) compared to E
sites. The effect of LAIW on bleaching resistance and sur-
vival was even more pronounced in P. meandrina, where W
colonies were able tomaintain symbiont and energy reserves
at the height of the heat event, while E colonies showed a
complete depletion of symbiont and energy reserves and
died (Figs. 4, 5). Differences in post-bleaching development
between coral species, and especially high mortality of heat-
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sensitive species, has been widely documented with funda-
mental changes in post-bleaching communities shifting to
mainly heat tolerant species (McClanahan et al. 2007b;Wall
et al. 2014) at the expense of species diversity (McClanahan
et al. 2007b). The post-bleaching community at W sites
maintained the same species composition as before the heat
event (Wall et al. 2014), suggesting a re-stocking of E reef
areas with locally extinct species. Hence, the likely stressful
but tolerable environmental conditions due to LAIW impact,
including strong water movement, temperature and water
chemical fluctuations as well as reduced light conditions,
seem to offer a protection from heat events, and foster the
resistance of susceptible species by providing coral refuge
conditions. The fact that bleaching events have been pre-
dicted to occur on an annual or biannual basis by the middle
of the century (van Hooidonk et al. 2013) focuses attention
even more on naturally resilient areas such as LAIW-ex-
posed reefs where bleaching-susceptible coral species can
survive leading to maintenance of biodiversity and reef
integrity.
This study indicates that LAIW may provide local
refugia for P. meandrina and possibly other bleaching-
susceptible corals. The ubiquitous occurrence of LAIW in
macrotidal tropical areas (Jackson 2007) evokes the hope
that these areas can contribute to sustaining coral diversity
in a future with more frequent bleaching events. As
warming and thermal stratification are major factors
involved in bleaching and LAIW, respectively, it will be
crucial to understand the interplay between coral eco-
physiology and coastal hydrodynamics in predicting how
corals may fare in a warming planet.
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